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Measurements of the specific heat on the system Cai-ajLaxMnOa {x < 0.10) are reported. Partic- 
ular attention is paid to the effect that doping the parent compound with electrons by substitution 
of La for Ca has on the magnetic ground state. The high (T > 40 K) temperature data reveals 
that doping decreases Tjv from 122 K for the undoped sample to 103 K for x — 0.10. The low 
temperature (T < 20 K) heat capacity data is consistent with phase separation. The undoped 
sample displays a finite density of states and typical antiferromagnetic behavior. The addition of 
electrons in the x < 0.03 samples creates local ferromagnetism as evidenced by a decreased inter- 
nal field and the need to add a ferromagnetic component to the heat capacity data for x — 0.03. 
Further substitution enhances the ferromagnetism as evidenced by the formation of a long range 
ferromagnetic component to the undoped antiferromagnetic structure. The results are consistent 
with a scenario involving the formation of isolated ferromagnetic droplets for small x that start to 
overlap for x « 0.06 giving rise to long range ferromagnetism coexisting with antiferromagnetism. 

PACS numbers: 65.40. +g 65.50.+m 75.30.Kz 75.60.-d 
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I. INTRODUCTION 

Electronic phase segregation in transition metal oxide 
systems has become an important topic in condensed 
matter physics iSi^*^ Systems which exhibit colossal 
magnetoresistance (CMR), high temperature supercon- 
ductivity, and other compounds such as the nickelates,^ 
phase segregate into electron-rich and electron-poor re- 
gions. These phase segregated regions are known to 
order and form a stripe phasCf^ or the atomic orbitals 
of the transition metal ions themselves^ sometimes or- 
der. Theoretical descriptions of the large magnetore- 
sistance observed in CMR oxides is currently focused 
on numerous approaches, but the phase-segregation sce- 
nario, where charge inhomogeneous regions compete with 
ferromagnetism^iSi^ is currently receiving a great deal of 
attention. In this picture, the application of magnetic 
field, or decreasing the temperature, alters the ratio of 
these phase segregated regions thereby affecting the elec- 
trical conductivity. In the case of high temperature su- 
perconductors, the possible relation between the stripe 
phase and superconductivity is under debate, but some 
believe that the stripes are crucial to the formation of a 
superconducting ground state in the cuprateSfSiS 

Some recent studies on Cai_a:i?a:Mn03 revealed that 
doping Ca^+ with a trivalent ion R^^ {R — La, Pr, Sm, 
Gd, Eu, Ho, or Bi) leads to the formation of a small fer- 
romagnetic (FM) moment liSiiiiiSii^ This effect was sub- 
sequently investigated in greater detailii where the FM 
moment at 5 K Mgati^ K) was found to display two dis- 
tinct regimes for La dopings x < 0.08. In the range 
< X < 0.02, the doped electrons appear to remain es- 
sentially localized on Mn sites leading to isolated Mn'^+ 



ions which coexist with the majority Mn'*+ ions. This 
leads to a ferromagnetic moment, shown through a phe- 
nomenological model, consistent with the existence of lo- 
cal ferrimagnetism. That is, each doped electron cre- 
ates one local ferrimagnetic site. Doping in the range 
0.03 < X < 0.07 leads to improved electrical conductiv- 
ity and a FM moment which has a stronger x depen- 
dence. The observed moment is consistent with the ex- 
istence of local ferromagnetic regions. This picture of 
local ferromagnetic regions coexisting within an antifer- 
romagnetic (AFM) background is supported by recent 
NMR experiments,^- theoretical treatments jiS, and neu- 
tron powder diffraction experimentsiii^ Neutron pow- 
der diffraction has revealed that the region < x < 0.07 
indeed contains a mixture of G-type antiferromagnetism 
and ferromagnetism which for x = 0.06 appears to have 
a long-range component. A sample of x = 0.02 reveals, 
through small angle neutron scattering (SANS), ferro- 
magnetic clusters of diameter 10 A; these clusters overlap 
at larger x values leading to long range ferromagnetism at 
X = 0.06.^^ Concentrations of x > 0.7 lead to formation 
of the C-type antiferromagnetic phase which coexists over 
a wide temperature and concentration range with the G- 
type phase (0.07 < x < 0.2) M These results suggest 
that the Cai_a;i?j:Mn03 system is ideal for the study of 
electronic/magnetic phase segregation in the low doping 
limit where FM phase segregated regions begin their nu- 
cleation within an AFM host. The present work involves 
heat capacity studies of some of these systems. 
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FIG. 1: Magnetization M versus temperature in an applied 
field of 2 kOe for Cai-^LaajMnOa specimens. In the inset M 
versus magnetic field iif at 5 K is displayed. 



The saturation moment at 5 K can be extracted from the 
data in the inset by drawing straight lines through the 
two linear portions of the curves; the intersection point 
of these lines is defined as Mgati^ K)>i4 As mentioned 
above, Msat was shown to possess a systematic depen- 
dence on X consistent with the formation of isolated FM 
regions for small dopings that cross over to AF order 
with a long range FM component. This behavior in Ref. 
14 revealed that beyond x = 0.08 AFM C-type regions 
began to nucleate, which is consistent with simple statis- 
tical arguments. These results are consistent with the 
scenario of small ferromagnetic clusters appearing at low 
concentrations (0 < x < 0.3) that begin to overlap into 
long range ferromagnetism at higher doping {x ~ 0.06) 
and to a coexistence of G- and C-type AF with a long 
range FM component for x > 0.08. 



II. EXPERIMENTAL DETAILS 

The specimens were synthesized under identical con- 
ditions to minimize variations attributable to chemical 
defectsiSS Stoichiometric quantities of (99.99% purity or 
better) CaCOa, La203, and Mn02 were weighed and 
mixed in an agate mortar for 7 min followed by reaction 
for 20 h at 1100 °C. The specimens were reground for 5 
min, reacted for 20 h at 1150 °C, reground for 5 min, re- 
acted for 20 h at 1250 °C, reground for 5 min, reacted for 
46 h at 1300 °C, reground for 5 min, pressed into pellets, 
reacted for 17 h at 1300 °C and cooled at 0.4 °C/min 
to 30 °C. Powder x-ray diffraction revealed no secondary 
phases and iodometric titration, to measure the average 
Mn valence, indicates the oxygen content of all speci- 
mens falls within the range 3.00 ± 0.01. Magnetic mea- 
surements were conducted with a SQUID magnetometer. 
Heat capacity measurements, using a standard thermal 
relaxation method, were performed in a Quantum Design 
PPMS system equipped with a superconducting magnet 
capable of generating a 90 kOe magnetic field. 

III. RESULTS AND DISCUSSION 

A. Magnetization 

Magnetization as a function of temperature M{T) 
at 2 kOe is displayed for three of the Cai-^La^^MnOa 
specimens of this study in Fig. ^ The a; = sam- 
ple, CaMnOa, exhibits an antiferromagnetic transition 
at Tjv — 131 K. A weak ferromagnetic component is evi- 
dent in the data, which is generally attributed to canting 
of the AFM moments, although recent work^** suggests 
that it arises from a small defect concentration. Substi- 
tution of La for Ca enhances the saturation moment in 
a systematic fashion as described previouslyjA^ M versus 
magnetic field H data at 5 K are displayed in the inset 
of Fig. ^ illustrating a typical ferromagnetic response. 



B. Low Temperature Specific Heat 

The low temperature specific heat measurements were 
performed over the temperature range 0.34 K< T < 20 
K with no applied magnetic field. The total specific heat 
can be written as 

Cp = Celec + Cmag + Chyp + Clat (1) 

where Ceiec is the electronic contribution, C'mag is from 
the Mn magnetic moments, C'hyp is from the nuclear mo- 
ment of ^^Mn, and Ciat is due to the lattice. The elec- 
tronic contribution is given by 7T, where 7 is the Som- 
merfield coefficient which is related to the density of elec- 
tronic states at the Fermi energy. Chyp is given by A/T^ 
where A is related to the internal hyperfine magnetic field 
by the relationS^ 

where / is the nuclear moment (5/2 for ^^Mn), /i is 
the nuclear magnetic moment (3.45 nuclear magnetons 
for Mn), and Hhyp is the internal field strength at the 
Mn site. Ciat is estimated by the approximation C'lat = 
P^iT^. The Debye temperature 8d is given by 

/1.944 X 10^ r\^/^ 

where /Jg; is in mJ / mol and r is the number of atoms 
per unit cell. Due to the small variation in chemical com- 
position in the measured samples, it was assumed that 
(3^1, and therefore Qd, are the same for all three samples 
(this assumption seems valid when looking at the results 
of Lees et al. who found a variation in of less than 
1.5% over a much larger range of substitutions^ and our 
own finding that &d from our high temperature data is 
650 ± 10 K for all five samples). Like other reportS)22i24 
we added a term to adequately fit the lattice heat 
capacity data. Cmag is estimated as ^ PnT^ where the 
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FIG. 2: Measured specific heat as a function of temperature 
for Cai-xLaxMnOs. Tfie lines are fits described in text witfi 
tlie relevant fitting parameters summarized in Table I. Sub- 
sequent curves were offset for clarity. The inset shows the 
internal magnetic field Hhyp at the Mn site as deduced from 
the nuclear contribution to the heat capacity. 



value of the exponent n corresponds to the type of mag- 
netic excitation (n = 3 for AFM, n = 3/2 for FM, n = 2 
for a possible long- wavelength spin excitationS4). For 
AFM and FM excitations with a nonzero gap, the heat 
capacity coefficients are related to the spin wave stiffness 
D by the relation /3„ = ckBiksT/D)^ where c is a con- 
stant that depends on the lattice typei^ One plausible 
scenario leading to a term is the existence of a long 
wavelength spin-wave excitation with a planar FM com- 
ponent of stiffness Dp and a linear component Dz with 

The low temperature measurements are shown in Fig. 
121 For a; = 0, the data can be fit well using Eq. 
as seen by the solid line. Since the sample is known to 
have G-type AFM order (each Mn magnetic moment is 
aligned antiparallel to its neighbor) f2i it is expected that 
f^mag = P?,rn^^ ■ Siucc the lattice term is also proportional 
to T^, the total term /Jg will be (3^1 + [3^^, and it is 
impossible to separate the magnetic and lattice compo- 
nents, without prior knowledge of the Qd, from the low 
temperature data. However, since the high temperature 
values of O^) are all similar, any variation we find in /Sg 
should be mostly due to P^^. The parameters which give 
the best fits to the data are shown in Table I. From the 
fit parameters, we can arrive at the following conclusions. 
The value of (5^^ does not vary much from sample to sam- 
ple, which gives us confidence that our fitting parameters 
are not skewed by the addition of this term. There exists 
a nonzero electronic term 7 indicative of a finite value of 



TABLE I; Summary of the fitting parameters to the data in 
Fig. 2. Definitions of the various coefficients are given in the 
text. The units are kOe for Hhyp, mj/mol for 7 and 
mj/mol K"~^ where n is the subscript of the coefficient. The 
number in parentheses is the statistical uncertainty in the last 
digit from the least squares fitting procedure. 

X Hhyp 7 10^/33 lO'/Js ^ 02 



279(1) 1.38(3) 2.09(2) 5.64(4) 

0.01 271(3) 2.44(5) 3.26(5) 5.06(9) - 

0.03 265(2) 1.46(9) 4.47(7) 4.94(9) 1.17(6) 

0.06 274(2) 1.98(8) 3.29(2) 6.95(9) - 

0.10 279(2) 2.76(9) 5.89(6) 8.17(7) 0.35(2) 



0.76(2) 



the density of states at the Fermi level, consistent with 
thermopower measurements^ Since the data can be fit 
to a form /3„T" leads to the conclusion that there is not 
a gap in the spin-wave excitation which often requires an 
activated term to describe the heat capacity. The hy- 
perfine term for the undoped sample corresponds to an 
internal field of 279 kOe, which is ~ 30% less than found 
for LaMnOa,^'* but a factor of 2.6 smaller than deter- 
mined for Pro.6Cao.4Mn03 M 

The lines in Fig. 1 are fits to the data using Eq. 
with the values for n which give the best fits to the data. 
The fit parameters are summarized in Table I. The intro- 
duction of the electron dopants leads to an increase in 7 
as one would expect. For x = 0.01 adding an n = 3/2 or 
n = 2 component does not significantly improve the fit. 
Rather only an increase in the AF term (note that a 
larger value of {3^ relative to the undoped sample corre- 
sponds to a smaller spin-wave stiffness) and a decrease 
Hhyp are found. For x = 0.03, we find that there is a 
need to add a FM (n = 3/2) term in addition to a larger 
AFM {n = 3) term relative to the x = value to fit the 
data. The value of H^yp = 265 kOe is reduced relative 
to the undoped sample. One scenario that would lead to 
a reduced internal magnetic field would be for the doped 
electrons to reside on a Mn site with a spin antiparal- 
lel to the original spin, and larger in magnitude. This 
would change the local environment around the doped 
Mn ion to FM while reducing the average AFM mag- 
netic moment (and thus Hhyp) and would lead to a local 
distortion or FM polaron. This scenario would lead to 
a linear decrease in Hhyp as x increases. This is exactly 
what is observed for small values of x in the inset to Fig. 
12 where the fine represents Hhyp decreasing 1.6% per 
percent of La substitution. The fact that Hhyp changes 
faster than x is consistent with the moments antiparallel 
to the original spin moments being larger in magnitude. 

These results are in agreement with magnetization 
measurements which were also interpreted in terms of 
the formation of local FM regions (FM polarons}i^ 
and SANS measurements that show small ferromagnetic 
droplets.'^^ In this scenario, one would envision the weak- 
ening of the AFM spin-density wave and the formation 
of FM excitations; which is exactly the result of the cur- 
rent measurements. These results agree with the strong 
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weakening in the AFM interaction recently deduced from 
Raman scattering and electron paramagnetic resonance 
studies»2& 

As doping is increased above 0.03 we see a definite 
crossover in all of the heat capacity data. For x = 0.06, 
the data can no longer be fit by a simple FM term, and 
in fact the n = 3/2 component is no longer observed 
(fitting with a 3/2 term yields a negative value for 7). 
Now an AFM [n — 3) term plus a spin density wave 
(n = 2) term are needed. The magnitude of the AFM 
term decreases and the hyperfine term increases and is 
nearly the same as the undoped value. This leads to the 
conclusion that the nature of the magnetic excitations 
has changed and that there might no longer be local FM 
polarons. As mentioned, the term can be indicative 
of a long wavelength excitation with both FM and AFM 
components. These results are in excellent agreement 
with the finding of isolated ferromagnetic droplets in an 
X — 0.02 sample which merge into a long range ferro- 
magnetic component for x = 0.06^ This is consistent 
with a recent calculation^*^ predicting a phase transition 
from the FM polaron state to a long range FM state at a 
doping of X ~ 0.045 and experimental findings that there 
is a crossover from the magnetoelestic polaron to spin- 
canted phase around x = 0.06.^-^ Even higher concentra- 
tions (x = 0.10) are again best fit with a FM n — i/2 
term and a larger n = 3 term. This is consistent with 
neutron scattering results that show the coexistence of 
C- and G- type AF order at this concentrationi^ and 
magnetization measurements that show a ferromagnetic 
moment. 



C. High Temperature Specific Heat 

For the high temperature data, Cmag is the contribu- 
tion associated with the magnetic ordering transitions 
around Tat. The high temperature measurements of 
Cmag/T are shown in Fig. |31 In this temperature range 
Chyp is negligible. The background lattice contribution 
was estimated by fitting the measured Debye tempera- 
tures above and below the magnetic transitions with a 
polynomial. After subtracting this contribution, we are 
left with Cmag- For CaMnOs a magnetic transition is 
seen at Tjq — 122 K independent of the applied magnetic 
field. Doping electrons lowers T/v as seen in Fig. EJa). In 
zero field, the decrease in T/v is linear followed by a more 
rapid drop for x > 0.3. In a 90 kOe field, the magnetic 
ordering temperature obeys a nearly linear relationship 
with X. In a similar manner to CaMnOs, the x = 0.01 
and 0.03 samples do not show a variation in T/v as the 
magnetic field is increased. This is to be expected as 
ksTN ^ Ms-H^ and the applied field should not alter the 
antiferromagnetic ordering temperature. This is not the 
case for the x — 0.06 and x = 0.10 samples where T/v 
steadily increase in applied field. This increase could be 
related to an enhancement of the FM neutron diffraction 
peak intensity observed in recent experiments,^* where 



0.10 

0.05 

0.00 
0.10 

0.05 

0.00 
0.10 

0.05 

0.00 
0.10 

0.05 

0.00 
0.10 

0.05 

0.00 





Cao.oLao,oMn03 



C^.,4Lao.o,Mn03 



Ca La „ MnO 

0.97 0.03 3 




Cao.,,La„^„,Mn03 




CaMnO, 




75 100 125 150 

r(K) 

FIG. 3: Measured magnetic heat capacity Cmag as a function 
of temperature T in zero applied field (solid lines) and a 90 
kOe magnetic field (dashed lines). 



ai X — 0.12 FM peak intensity was seen to increase at 
the expense of G-type AFM peak intensity in applied 
magnetic field. In other words, a long range ferromag- 
netic component to the magnetic structure appears to be 
present for x = 0.06 and x = 0.10 due to the large en- 
hancement of the magnetic ordering temperature in an 
applied filed. The jump in the magnetic heat capacity 
ACmag at Tm is shown in Fig. ^b). The value for the 
undoped sample is in good agreement with the work of 
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FIG. 4: Paramters obtained from the data shown in Fig. 3. 
Sohd circles correspond to the zero field data, while filled 
circles correspond to data taken in a 90 kOe applied magnetic 
field, (a) The magnetic ordering temperature, (b) The peak 
value of the magnetic heat capacity ACmag- (c) Change in 
magnetic entropy ASmag, found by integrating Cmag/T as a 
function of T. 



Moritomo et al.'^'^ As x increases, ACmag decreases, in 



sharp contrast to Moritomo et al/- In a 90 kOe field, 
the value of ACmag is nearly independent of a;. To ob- 
tain the change in entropy associated with the magnetic 
transition ASmag we have integrated Cmag/T versus T 
and the results are shown in Fig. Efc). Since it is dif- 
ficult to accurately estimate the lattice contribution to 
the heat capacity, the absolute values of ASmag have a 
reasonable amount of uncertainty. However, changes in 
ASmag should bc much more reliable since the lattice 
contribution was estimated in a systematic manner. For 
all values of x there appears to be little field dependence 
to ASmag- For x = an entropy of ^ 1.77 J/mol K which 
corresponds to 0.31i?ln2 is found. This value is much 
smaller than the value one would expect from Ising spins 
(i?ln2) or spin 3/2 Heisenberg spins (i?ln4) perhaps due 
to domain formation. The magnetic entropy appears to 
decrease in a nearly linear fashion in a manner similar to 
the magnetic ordering temperature. 

IV. CONCLUSION 

We have performed measurements of the specific heat 
on the system Cai_a;Laa;Mn03 {x < 0.10) to comple- 
ment previous magnetization results. The high (T > 40 
K) temperature data shows that doping decreases the 
value of Tn from 122 K for the undoped sample to 103 
K for x = 0.10. The low temperature (T < 20 K) heat 
capacity data is consistent with phase separation. The 
undoped {x = 0) sample displays AFM order and has a 
finite density of states. When a small amount of holes 
{x < 0.03) are doped into the sample, local ferromag- 
netism is introduced into the system. Further substitu- 
tion to X = 0.06 leads to long range ferromagnetism as 
evidenced by the formation of a long range spin density 
wave. These results clearly show the utility of a thermo- 
dynamic measurement (heat capacity) in understanding 
the evolution of magnetic properties in electron doped 
CaMnOa; namely for small dopings small ferromagnetic 
droplets form which upon further doping overlap and lead 
to long range ferromagnetic order coexisting with anti- 
ferromagnetic order. 
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